Introduction {#sec1}
============

The *Escherichia coli* mechanosensitive channel of small conductance (MscS) has served as an influential model for gating of channels, especially those that are gated by mechanical means. To date, there are eight reported crystal structures of MscS: four in a closed state (2oau ([@bib1]), 3udc, 3t9n ([@bib2]), and 4hw9 ([@bib3])) and four in an open state (2vv5 ([@bib4]), 4hwa ([@bib3]), 4age, and 4agf ([@bib5])). Six of these were *E. coli* MscS, but 4hw9 and 3t9n were homologs from other organisms. The first crystal structure of this channel ([@bib1]) showed that the functional channel form is a homoheptamer, and that each monomer consists of three N-terminal transmembrane helices (TM1, TM2, and TM3) and two C-terminal cytoplasmic domains. TM3 has a significant kink at Gly-113 and thus was redefined as two helices called TM3a and TM3b. The TM3 helices interact to form the pore of the channel. The pore has a constriction point (∼11 Å) created by the side chains of residues Leu-105 and Leu-109. A comparison of the closed and open crystal structures (2oau and 2vv5, respectively) suggested that the gating process (closed to open) is characterized by a concerted rotation of TM1-TM2 (almost as a rigid body) with a concomitant twist and pivot of TM3a about G113. This movement of TM3a causes the side chains of residues L105 and L109 to move outward from the central pore of the heptamer, thereby opening a route for ions and small molecules to exit the cell and hence release internal pressure. It is noteworthy that TM3b does not significantly move between closed and open crystal structures. In both crystal structures, TM1 and TM2 are splayed out from the central axis of the channel, akin to exposed paddles, creating a large apparent void between these helices and TM3. The presence and functional relevance of this void in MscS within the lipid bilayer have been challenged ([@bib6; @bib7; @bib8]) by results from extrapolated motion dynamics (EMD) and continuous-wave electron paramagnetic resonance (cwEPR), which, unlike crystallography, can be applied to lipid-embedded proteins. The voids either do not exist or are very much smaller in the structural models generated by these approaches. The relatively low resolution of the crystal structures determined to date preclude visualization of any nonprotein molecules; therefore, although they are described as a void, they could be filled with weakly ordered molecules. The very different models that have emerged from these multiple approaches have hindered progress (see [Fig. 1](#fig1){ref-type="fig"}), and central to any understanding is resolving whether the voids are real or artifacts.

Pulsed electron-electron double resonance spectroscopy (PELDOR or DEER) can measure distances between spin labels on the nanometer scale (1.5--8 nm) ([@bib9; @bib10]). One of the first oligomeric membrane protein systems this approach was applied to was the major light-harvesting chlorophyll a/b complex (LHCII). By measuring multiple distances within this complex, previous researchers proposed that the N-terminus, for which there is no electron density, is in two conformational states ([@bib11; @bib12]). The tetrameric potassium ion channel proteins KvAP ([@bib13]) and KcsA ([@bib14; @bib15]), and the octameric translocation channel protein Wza ([@bib16]) have also been characterized by this approach. However, these multispin (i.e., more than two spins) systems are more complex than a standard two-spin system both in theory and in practice, with additional effects that should be taken into account during data analysis ([@bib17; @bib18]). In a recent PELDOR study ([@bib5]) of MscS in detergent (n-Dodecyl-β-D-maltoside (DDM)) solution, MscS was found to be predominantly in a form resembling the open crystal structure (2vv5). That study firmly established that the arrangement of the helices and the resulting void were not an artifact of crystal packing, but existed in detergent solution as well as in the crystal. Careful examination of the data suggested that in detergent solution, MscS may exist in both closed and open forms. In contrast to the crystal structures, the structures generated from cwEPR or EMD data were inconsistent with the PELDOR measurements. Although detergent extraction of some oligomeric membrane proteins produces no discernible change in their activity ([@bib19]), in some cases it can lead to disaggregation of the target protein and subsequent loss of activity ([@bib20]). Thus, it remains plausible that the voids are artifacts of detergent micelles. The extension of PELDOR to lipid-bilayer-embedded MscS is thus critical for probing the arrangements of the transmembrane helices and confirming or disproving the presence of the voids.

Liposomes, perhaps the best-known mimic of the cell membrane, are known to be inherently unstable and can change morphology over the timescale of sample preparation ([@bib21]). In addition, PELDOR studies of liposome-embedded proteins have reported significant shortening of the spin label's phase memory time (T~m~) due to molecular crowding effects ([@bib9; @bib12; @bib22]). This is a critical experimental limitation, especially for challenging multispin systems. Therefore, more recent PELDOR studies on membrane proteins have used lipid-bilayer mimetics such as bicelles ([@bib23; @bib24]) or nanodiscs ([@bib25]) to overcome the problems of molecular crowding.

Here, we report PELDOR measurements of MscS reconstituted into both bicelles ([@bib26]) and nanodiscs ([@bib27]). These results were used to test the validity of the splayed-out arrangement of the TM1 and TM2 helices relative to the pore TM3a helix within a lipid bilayer environment.

Materials and Methods {#sec2}
=====================

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. 1-Oxyl-2,2,5,5-tetramethyl-Δ3-pyrroline-3-methyl)methane-thiosulfonate (MTSL) was obtained from Toronto Research Chemicals (Toronto, Canada). 1,2-Dimyristoyl-*sn*-glycero-3-phosphocholine (DMPC) lipids were purchased from Avanti Polar Lipids (Alabaster, AL). 3-\[(3-cholamideopropyl)-dimethylammonio\]-2-hydroxy-1-propanesulfonate (CHAPSO) and DDM detergents were purchased from Anatrace ([www.affymetrix.com](http://www.affymetrix.com){#intref0010}). Copper grids were purchased from Agar Scientific (Stansted, UK). Nickel-NTA nanogold was purchased from Nanoprobes (Cambridge, UK). The MSP1D1E3 plasmid (addgene plasmid 20066) was obtained from addgene. Penta-His antibody used for expression tests was obtained from Qiagen.

Protein expression and purification {#sec2.1}
-----------------------------------

All *E. coli* MscS single cysteine mutants were grown, expressed, purified, and spin labeled with MTSL on nickel affinity resin as previously described ([@bib5]). Spin labeling efficiency was tested using a method recently described ([@bib28]).

Reconstitution of MscS into bicelles {#sec2.2}
------------------------------------

A 10% (w/v) CHAPSO solution was made up in Buffer A (100 mM TES pH 7.4, 100 mM NaCl). DMPC lipids were mixed with the 10% (w/v) CHAPSO solution to make a 40% (w/v) stock solution using cycles of cooling on ice, vortexing, sonication, and centrifugation until a mixture with the properties of a clear liquid-like solution or a viscous gel was obtained at ∼16°C and 4°C, respectively ([@bib29]). CHAPSO was chosen over DHPC because it is far less hygroscopic and thus easier to work with. The 40% (w/v) bicelle solution was added to spin-labeled MscS in Buffer B (100 mM TES, pH 7.4, 100 mM NaCl, 0.05% DDM) at a concentration of 15--17 mg ml^−1^ and Buffer A. The sample was mixed until a homogeneous solution was obtained. Deuterated ethylene glycol was then added to a final concentration of 25% v/v. The final spin concentration was calculated to be ∼200 *μ*M and the final bicelle concentration was 8% (w/v). The PELDOR sample was prepared as described previously ([@bib16]).

Reconstitution of MscS into nanodiscs {#sec2.3}
-------------------------------------

MSP1D1E3 proteins were prepared as previously described ([@bib30; @bib31]). A 1:2 ratio of MscS monomer to MSP1D1E3 protein was used. A stock of 0.47 M cholate was added to MSP1D1E3 to a final concentration of 110 mM cholate. DMPC was dissolved in buffer C (50 mM sodium phosphate pH 7.5, 300 mM NaCl, 0.1 M sodium cholate) by vortex and sonication, and then added to the MSP1 protein to give a molar ratio of 150:1 of DMPC to MSP1E3. Subsequently, 2 mg of MscS in Buffer D (0.05% DDM, 50 mM sodium phosphate pH 7.5, 300 mM NaCl) was added to the MSP1D1E3 lipid mixture, and Buffer C was added to the mixture such that the concentration of DDM in the sample was diluted to below the critical micelle concentration. The reconstitution mixture was incubated at 21°C for 2 hr. After extensive dialysis against PBS at 21°C overnight, the buffer was exchanged into Buffer A and the reconstitution was concentrated to ∼30 mg ml^−1^. Deuterated ethylene glycol was then added to a final concentration of 50%. The PELDOR sample was prepared as described previously ([@bib16]).

Electron microscopy {#sec2.4}
-------------------

The structures of nanodiscs and bicelles were analyzed by transmission electron microscopy (TEM) using negative staining. Pioloform-coated 100-mesh copper grids (Agar Scientific) were placed face down on droplets containing nanodiscs or bicelles, with or without incorporated MscS, and incubated for 2 min at room temperature to allow binding of the structures to the grids. The grids were subsequently washed with distilled water and contrasted on droplets containing nine parts of 2% w/v methyl cellulose and one part of 3% w/v uranyl acetate (on ice) ([@bib32]). For gold labeling of MscS-His-tagged protein, the nanodisc and bicelle samples were first applied to EM copper grids as described above, washed, and subsequently transferred to droplets of 5 nm nickel-NTA nanogold (Nanoprobes, Cambridge, UK). After a 30 min incubation at room temperature, the grids were washed and contrasted as described above. In three individual experiments, nanodisc and bicelle structures (empty as well as with incorporated MscS-His) were subjected to systematic uniform random (SUR) sampling ([@bib33]) by taking 10 micrographs per sample using a JEOL 1200EX transmission electron microscope with a Gatan Orius 200 digital camera (Gatan, Abingdon Oxon, UK) at a nominal magnification of 20,000×. For quantification of the nanogold labeling, both nanodiscs and bicelles were subsampled using the forbidden line unbiased counting rule applied to quadrats-positioned SUR (∼9 quadrats per micrograph, 0.0016 *μ*m^2^ per quadrat) on micrographs that were displayed in Photoshop CS6. For each experiment, 53--99 nanodiscs and 63--90 bicelles were used. For the bicelle structures with incorporated MscS, all structures that could be positively identified were sampled until 100 nonlabeled bicelles had been counted per experiment (n = 118--122). Images were selected to be representative of the quantitative data unless stated otherwise.

PELDOR spectroscopy {#sec2.5}
-------------------

PELDOR experiments were performed at 50 K as previously described ([@bib5]). The spin-spin interaction in a multispin system is the product of the pair interactions. Standard analysis within DeerAnalysis2013 treats such multiple interactions in the form of their sums (not products) leading to artifacts in the output distance distributions. However, this program also has a power scaling option to take multispin effects into account ([@bib34]) (see [Fig. S1](#app2){ref-type="sec"} in the [Supporting Material](#app2){ref-type="sec"}). To reduce these multispin contributions from the raw data, it has been suggested ([@bib34]) that for a system with greater than five spins, an inversion efficiency (*λ*) of 0.4 or less should be used. For our system, the *λ* for a *π* pump pulse of 16 ns, which was the shortest pulse length used for our experiments, was calculated to be 0.4 for a synthetic biradical, i.e., where there should be 100% labeling. Since the labeling efficiency for our system is at best 95%, we would anticipate the effective *λ* to be lower than this and thus the multispin effects to be minimized. To test this, we obtained control data sets with a *λ* = 0.2 (by using a reduced pump pulse power, but the same pulse length) for mutants S196 and S147, which showed that although the 1-2 distance did not change, the 1-3 and 1-4 distances were altered. Previous studies on model systems ([@bib35]) and the octameric Wza protein ([@bib16]) also concluded that the 1-2 distance vector was the least effected by multispin contributions for similar values of *λ*. Hence, in this work we relied only on the 1-2 distance vector.

Modeling of distance distributions using MtsslWizard {#sec2.6}
----------------------------------------------------

In silico spin labeling, rotamer conformation searching, and distance measurements were all carried out within the software package PyMOL ([www.pymol.org](http://www.pymol.org){#intref0015}) using the mtsslWizard plugin ([@bib36; @bib37]). Rotamer conformations were allowed according to suggested defaults. Distance distributions were obtained by binning the data into 1 Å bins. The following atomic coordinates of MscS were used for this modeling procedure: the crystal structures of *E. coli* MscS (2OAU and 2VV5), the closed and open models generated by extrapolated motion dynamics ([@bib8]), and the cwEPR closed and open models ([@bib6; @bib7]).

Cell viability assays and electrophysiological studies {#sec2.7}
------------------------------------------------------

Western blot analysis of whole-cell samples with Penta-His antibody was carried out to examine the expression of mutants. For MscS cysteine mutants S196, S147, D67, S58C, and M47, the survival assay for osmotic downshock was used as previously described ([@bib5]). For A51C and I61C, the assay was essentially the same as described previously with minor modifications (see [Fig. S2](#app2){ref-type="sec"}).

Results and Discussion {#sec3}
======================

Labeling and characterization of bicelle- and nanodisc-reconstituted MscS {#sec3.1}
-------------------------------------------------------------------------

Cysteine mutants of residues M47, A51, S58, I61, D67, S147, and S196 ([Fig. 2](#fig2){ref-type="fig"}, *A* and *B*) were cloned, expressed, purified, and spin labeled with MTSL to gain information about both the transmembrane and cytoplasmic regions of the protein. Except for A51 and I61, these are the same mutants that were used in the previous PELDOR study of MscS in detergent ([@bib5]), enabling a direct comparison.

In the case of a heptamer, such as MscS ([Fig. 2](#fig2){ref-type="fig"} *A*), if a single label is attached to each monomer, there will be seven spin labels in the heptamer. Due to the symmetry of the heptamer, three different distance vectors (1-2, 1-3, and 1-4) arise, with vectors 1-5, 1-6, and 1-7 being symmetry related to the former ones ([Fig. 2](#fig2){ref-type="fig"} *C*). Out of these three distances, the 1-2 vector can be reliably determined with PELDOR ([@bib5; @bib13]), whereas the others are prone to larger errors due to 1), multispin effects ([@bib31]); 2), too-short time traces to accommodate one full period of the dipolar oscillation of these longer distances ([@bib10]); and 3), related to this, artifacts induced by the division of the time trace by the intermolecular background function. Therefore, we rely only on the 1-2 distance.

Each labeled protein was incorporated into both nanodiscs and bicelles, using DMPC as the lipid. Incorporation was verified by negatively stained EM coupled with NTA-nanogold labeling, which also showed that 94% of the nanogold particles (and therefore MscS) was associated with the nanostructures ([Fig. 3](#fig3){ref-type="fig"}; see [Fig. S10](#app2){ref-type="sec"}). The remaining 6% of the nanogold particles may be nonlipid-associated MscS or the result of nonspecific binding of the nanogold to the film. The absence of free spin label was checked with cwEPR, and based on double integration and comparison with a standard sample, the labeling degree was established to be between 45% (M47R1) and 95% (S196R1) depending on the mutant.

PELDOR-derived distance distributions and comparisons with modeled distances {#sec3.2}
----------------------------------------------------------------------------

To obtain reliable and accurate distance distributions, data were measured out to times that were long enough to include at least one period of the dipolar oscillation for the shortest distance ([@bib1; @bib2]). Signals were averaged for a sufficiently long period of time to ensure that any oscillation would be visible by eye above the noise. The experimental data are shown in [Figs. 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} and the derived modal 1-2 distances are shown in [Table 1](#tbl1){ref-type="table"}. Only time traces in which oscillations were judged to be visible were employed in our analysis (see [Figs. S3--S9](#app2){ref-type="sec"}). Consequently, M47R1 in bicelles and nanodiscs, A51R1 in DDM and nanodiscs, and I61R1 in DDM were excluded from our distance distribution analysis. All other time traces were analyzed with DeerAnalysis2013 ([@bib34]). The power-scaling feature of DeerAnalysis was investigated to correct for multispin effects, but for the 1-2 distribution it made no significant difference (see [Fig. S1](#app2){ref-type="sec"}). MtsslWizard was used to calculate the 1-2 distance distributions of six structural models for MscS ([Table 2](#tbl2){ref-type="table"}; [Fig. S11](#app2){ref-type="sec"}) ([@bib5; @bib36; @bib37]). A comparison of the PELDOR-derived and mtsslWizard-simulated distance distributions is shown in [Fig. 6](#fig6){ref-type="fig"} for each mutant.

S196R1 and S147R1 are valuable controls for the method because they are located in the cytoplasmic region of the protein and are predicted to be unperturbed by incorporation into the lipid-bilayer mimics. The PELDOR data recorded from both mutants in both lipid environments show very similar time traces ([Fig. 4](#fig4){ref-type="fig"}). Interestingly, the depth of modulation is slightly deeper for the bicelle samples when compared with the nanodisc samples. Converting the time traces into distance distributions shows that they match precisely the predicted distances and the distances from MscS solubilized in DDM ([Table 2](#tbl2){ref-type="table"}). These results are evidence that our experimental approach, including the treatment of the data, is reliable.

A51R1, S58R1, I61R1, and D67R1 are located on TM1 and TM2, and report on the helical arrangement of the MscS structure in the lipid environment ([Fig. 5](#fig5){ref-type="fig"}). S58R1, I61R1, and D67R1 showed oscillations in both lipid environments, and the bicelle samples yielded a deeper modulation than the nanodisc. Disappointingly, we have been unable to rationalize why some mutants in some conditions give visible oscillations and others do not, nor have we been able to develop empirical rules to guide future experiments.

Converting the time traces into distance distributions confirms that, as observed in detergent solution, for S58R1 the experimental distance distribution does not match those derived from the EMD or cwEPR models, and the data for I61R1 do not match those obtained from either of the cwEPR models. The other mutants do not show any consistent match to the noncrystallographic models. The S58R1 experimental distance distribution agrees very well with the distance distributions derived from the crystallographic models (the open and closed structures give rise to the same distance distribution). The PELDOR-derived experimental distance distribution for A51R1 peaks at a most probable distance of 31 Å and shows a shoulder toward shorter distances. We interpret this distance distribution to mean that both crystal structures of MscS (the open and closed forms) are present in the lipid-bilayer mimics. Indeed, adding the in silico-derived distance distributions for both x-ray models in a ratio of ∼1:2 (2oau:2vv5) resembles the PELDOR-derived distance distribution very well (see [Fig. S13](#app2){ref-type="sec"} A). The PELDOR distance distribution for D67R1 possesses a pronounced shoulder. The shoulder can be matched by adding the distributions from both x-ray structures in a ratio of ∼1:1 (2oau:2vv5) (see [Fig. S13](#app2){ref-type="sec"} B). I61 is positioned in a loop, which is noted to be flexible, and has a different orientation in the closed and open crystal structures. A reexamination of the electron density of the lower-resolution closed structure in light of the PELDOR data for I61R1, which clearly matches the open structure, reveals that the conformation of the loop seen in the open structure fits the electron density at least as well as that originally modeled. Thus, the predicted distributions for the open and closed structures of I61R1 are most likely the same and match the observed PELDOR distribution.

When compared with the detergent samples, the lipid-embedded samples in general exhibit shallower modulations and more damped oscillations. The data consistently show that bicelles give rise to a slightly larger modulation depth than nanodiscs. The decreased modulation may indicate that MscS is less aggregated in nanodiscs (which because of its size can only hold a single multimer ([@bib30])) than in bicelles or DDM micelles. Damped oscillations result in broader distance distributions and could indicate increased conformational flexibility within lipid bilayers.

The observation that I61R1 gives a strikingly sharper oscillation in the lipid-bilayer mimics is reminiscent of that observed by Georgieva et al. ([@bib38]) for the E296 spin-labeled mutant in the sodium-coupled aspartate transporter, Glt~Ph~. In that case, the authors speculated that the spin label's mobility could be restricted by interacting with both the trimerization and transport domains simultaneously. They also excluded the possibility that the spin label was interacting with the lipids, since the crystal structures do not suggest that it would be in close proximity to them. In the MscS case, I61 is in the loop between TM1 and TM2, and points toward the TM3b helix, but does not obviously interact with any other portion of the protein. Since the position of the lipids with respect to the structure has not been experimentally established, we cannot exclude the possibility that I61R1 has a specific interaction with the lipids. A similar discussion cannot be made for A51R1, since only a marginal improvement in the oscillation was observed.

Overall, our PELDOR data establish that the crystal structures accurately predict the distance distributions measured for MscS in the lipid-bilayer mimics. The data suggest that, as in detergent, MscS may exist in a mixture of conformational states. Something similar was observed for the aspartate transporter Glt~Ph~ in previous studies ([@bib38; @bib39]), in which the widths of the distance distributions were rationalized in terms of each monomer being able to adopt either an inward-facing or outward-facing state, and to isomerize between the two states independently of each other (i.e., the oligomer is asymmetric in the transport domain). MscS is also known to exist in a nonconducting substate ([@bib40; @bib41]), so it is plausible that there is some heterogeneity in the conformational state even in the lipid bilayer. It could be argued that suppression of the multispin effects, which can lead to distortions in the distance distributions obtained ([@bib34; @bib35]), might allow us to obtain more reliable 1-3 distances, and thus it would be possible to identify and quantitate more robustly the conformational state of MscS in the lipid-bilayer mimics. We could have reduced the multispin effects by underlabeling the heptamer; however, this would have resulted in a decreased signal/noise ratio, since increasing the protein concentration significantly was not possible, and thus would have resulted in less reliable distance distributions. An alternative approach, in principle, would be to mix labeled and nonlabeled monomers; however, a reversible dissociation of the heptamer has not been described. Even though it would be desirable to have a data set that is definitely free of multispin effects, it is still the case that the 1-3 distance is inherently less reliable than the 1-2 distance, since less of the dipolar coupling frequency is described by the PELDOR time window and it is more affected by the choice of background correction imposed. There is clearly a need for improved experimental approaches for these most challenging systems.

It has been shown that MscS can be isolated from cells and reconstituted into liposomes with full recovery of activity ([@bib42; @bib43]). We therefore assume that neither extraction nor reconstitution into lipid bilayers would in and of itself disrupt the function and hence the structure of MscS. If this is true, the successful prediction of distance distributions by the crystal structures indicates that the voids observed in both open and closed structures are preserved inside the lipid bilayer. In particular, the data from D67R1, I61R1, and A51R1 are all consistent with the splayed-out conformation of TM1/TM2 observed in the detergent micelle crystal structure and PELDOR analyses. In one sense this is not surprising, since no differences between detergent micelles and lipid bilayers, as judged by PELDOR analyses, have been observed for other membrane proteins, including the maltose ABC transporter MalFGK~2~-E ([@bib44]), the lipid flippase ABC transporter MsbA ([@bib45]), and the potassium ion channel KcsA ([@bib14]). However, experimental confirmation was important since there are well-known examples of significant conformational changes occurring. Most notably, the two *α*-helices of *α*-synuclein adopt an antiparallel arrangement that is sensitive to the physical nature of the detergent micelle to which it is bound. For example, it has been shown that the *α*-helices are splayed farther apart when bound to lyso-1-palmitoylphosphotidylglycerol (LPPG), as compared with sodium dodecyl sulfate micelles, which is consistent with the larger LPPG micelle size ([@bib46]). More recently, two independent studies presented PELDOR data for the homotrimeric sodium-coupled aspartate transporter Glt~Ph~ ([@bib38; @bib39]), which demonstrated that the transport domain was highly dynamic in detergent micelles, but the populations of these states were altered when the protein was reconstituted into lipid bilayers. For a protein such as MscS, where the structure in detergent is unusual and true voids between helices are unlikely in the lipid bilayer, PELDOR of the protein in the bilayer provides an important structural tool. Our data lead us to conclude that MscS in the lipid bilayer does adopt a structure that is usefully modeled by the crystal structures determined in detergent solution. This implies that the transmembrane helices are not closely packed and thus could allow (and structural stability may even require) nonprotein molecules to fill these spaces. Any model for MscS gating will have to identify and account for these molecules.

Conclusions {#sec4}
===========

Bicelles, nanodiscs, and liposomes are well-characterized experimental systems that are extensively used to study membrane proteins by a wide range of techniques. We have verified by EM that the spin-labeled MscS protein is embedded within the bilayer in both bicelles and nanodisc systems. The key advantage of bicelles and nanodiscs over liposomes for PELDOR is that the former systems do not increase molecular crowding as much within the lipid bilayer. Using these systems, we obtained multiple measurements from spin labels that were attached to residues that were fully embedded in the lipid-bilayer mimics rather than at the lipid-solvent interface. The signal/noise ratio for these measurements is high, and thus for those with clearly visible oscillations in the raw data, it is possible to extract highly accurate distances. This allows us to test whether the voids between the outer ring of transmembrane helices and the pore-forming helices in MscS, as observed in the crystal structures, genuinely exist within the lipid-bilayer mimics. Our data clearly show that the crystal structures of MscS are reliable models for this protein within the lipid environment, even though MscS was extracted from the cell membrane by detergent.

Supporting Material {#app2}
===================
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![Crystal structures and models of *E. coli* MscS show different structural arrangements of the transmembrane helices in both the closed and open states. (*A*) Crystal structure of the closed state (2oau). (*B*) Crystal structure of the open state (2vv5). (*C* and *D*) Closed and open structural models, respectively, derived from cwEPR restraints. (*E* and *F*) Closed and open structural models, respectively, generated by EMD. For one monomer the transmembrane helices 1, 2, and 3 are highlighted while the rest of the channel is gray. Both perpendicular (*top*) and parallel (*bottom*) views, relative to the central axis, are shown. To see this figure in color, go online.](gr1){#fig1}

![Crystal structure of MscS and spin-label locations. (*A*) 2oau closed crystal structure. Transmembrane helices 1, 2, and 3 are highlighted. Cytoplasmic domains are shown in light gray. (*B*) Monomer of MscS showing spin-labeling sites, which are shown as black spheres. (*C*) Incorporation of a single cysteine into an MscS monomer and subsequent spin labeling will lead to a heptamer with seven spin labels and three different spin-spin distances. To see this figure in color, go online.](gr2){#fig2}

![Analysis of MscS-His-tag incorporation into nanodiscs and bicelles using 5 nm nickel-NTA nanogold. (*A* and *B*) Nanodiscs (*top*) and bicelles (*bottom*) in the absence (*A*) or presence (*B*) of reconstituted MscS. The micrographs were selected to illustrate the gold labeling specificity. Black arrows indicate positively labeled nanostructures. The scale bar in the bottom left-hand corner of each micrograph indicates 20 nm and 50 nm for the nanodisc and bicelle samples, respectively.](gr3){#fig3}

![PELDOR data for control mutants S147R1 and S196R1. (*A*) Original PELDOR data. (*B*) Offset background-corrected time traces and simulated fits in blue. (*C*) DeerAnalysis-derived distance distributions. The data presented are from detergent-solubilized (*black lines*), bicelle-reconstituted (*red lines*), or nanodisc-reconstituted (*green lines*) MscS. In the distance distribution, the vertical lines represent the modal distances predicted from mtsslWizard ([@bib36; @bib37]) for the crystal structures.](gr4){#fig4}

![PELDOR data for mutants that differentiate between the model structures. (*A*) Original PELDOR data. (*B*) Offset background-corrected time traces with simulated fits in blue. (*C*) DeerAnalysis-derived distance distributions. The data presented are from detergent-solubilized (*black lines*), bicelle-reconstituted (*red lines*), or nanodisc-reconstituted (*green lines*) MscS.](gr5){#fig5}

![Comparison of experimental (*gray shaded areas*) and simulated (*black line*) distance distributions. Column *A* shows the 1-2 distance vector determined by PELDOR for A51R1 (reconstituted into bicelles) overlaid with the mtsslWizard-simulated distance distributions for each model (specified on the far right). Columns *B*--*D* make similar comparisons, but for S58R1, I61R1, and D67R1, respectively. Only the 1-2 distance vector is used because this is the most reliable and accurate experimental distance distribution. ^∗^I61 modal distance obtained from a hybrid closed structure using the loop from the higher-resolution 2vv5 (open) structure. See [Fig. S12](#app2){ref-type="sec"}.](gr6){#fig6}

###### 

PELDOR-derived modal distances in angstroms for the 1-2 distance vector of MscS in different lipid environments

  Mutant   Detergent   Bicelles   Nanodiscs
  -------- ----------- ---------- -----------
  M47R1    33          n/a        n/a
  A51R1    n/a         31         n/a
  S58R1    36          35         35
  I61R1    n/a         27         27
  D67R1    26          31         29
  S147R1   30          30         30
  S196R1   22          22         22

n/a, not applicable.

###### 

MtsslWizard-simulated 1-2 distances in angstroms for each mutant in the open and closed states of the different structural models

  Mutant   X-ray                                    X-ray   cwEPR   cwEPR   EMD   EMD
  -------- ---------------------------------------- ------- ------- ------- ----- -----
  M47R1    27                                       34      25      27      29    34
  A51R1    28                                       32      20      26      29    34
  S58R1    37                                       37      26      31      26    28
  I61R1    36/26[a](#tblfn1){ref-type="table-fn"}   26      33      33      27    29
  D67R1    33                                       26      28      31      24    32
  S147R1   31                                       31      30      33      n/a   n/a
  S196R1   22                                       22      n/a     n/a     n/a   n/a

Distance derived for the remodeled loop region upon which I61 sits (see text and [Fig. S12](#app2){ref-type="sec"} for more details).
